The potential use of continental fair-weather shallow cumuli as a way to retrieve the daily surface evaporative fraction over land is evaluated in convective conditions. The proposed method utilizes the fact that both the timing of cloud occurrence and the cloud base height at the time of occurrence provide strong constraints on the surface energy balance and evaporative fraction. The retrieval is especially reliable in the presence of relatively stable and humid free troposphere profiles. The advantage of the method is that it provides a more direct estimate of the surface evaporative fraction than indirect estimation based on inversion of a highly parameterized land surface model. In addition, the evaporative fraction is obtained at a scale of a few kilometers, which is more pertinent for weather and climate studies. The retrieval strategy is tested and validated for three contrasting climates: the U.S. southern Great Plains, West Africa, and the Netherlands. We suggest that the use of satellite observations of shallow cumuli can help constrain the retrieval of the surface evaporative fraction within a data assimilation scheme/reanalysis.
The dependency of land surface models on screen-level quantities in constraining EF is non-ideal for the following reasons. The use of screen-level quantities necessitates the use of atmospheric stability correction functions because they occur within the atmospheric surface layer [e.g., Businger et al., 1971; Kader and Yaglom, 1990; Beljaars, 1995; Katul et al., 2011] .
These correction functions come with their own uncertainties that impact the accuracy of the retrieved EF. Screen-level is typically below the atmospheric blending height, the height above which measurements sense a statistically homogeneous surface [e.g., Wieringa, 1986; Mason, 1988; Garratt, 1990; Claussen, 1995; Raupach and Finnigan, 1995] . As such, screen-level variables (particularly, humidity) are prone to substantial temporal variability due to the effects of advection, turbulence, dry-air entrainment (at the PBL top), and variations in land surface temperature [e.g., Katul et al., 1999; Gentine et al., 2011b] . Under most conditions, screenlevel variables reflect only the local-scale (hundreds of meters length) inhomogeneities rather than the mean conditions over a larger extent (10 3 -10 5 m). Unfortunately, it is the broader scale that is of interest for most synoptic weather applications.
In this study, we address the need for a more direct and better-constrained observationally-based estimate of the EF at spatial resolutions relevant to meteorological process studies on a daily time scale. We do so by demonstrating the feasibility of using fairweather shallow cumuli observations as tracers of the surface energy balance. An important advantage of this method is that cloud cover integrates the surface energy budget response at the horizontal scale of the boundary layer suitable for weather and climate studies [Wilde and Accepted Article 2004] . Its height is typically well approximated by the lifting condensation level (LCL) [Lilly, 1968; Betts, 1973; Deardorff, 1979; Betts, 2004; Betts and Viterbo, 2005; Betts, 2007] . The LCL is relatively insensitive to variations across turbulent structures and vertical variations are an order of magnitude smaller than the depth of the entrainment zone on top of the mixed layer [Wilde et al., 1985] .
Stull [1985] showed that fair-weather continental cumuli are tracers of thermals born at the bottom of the mixed layer that reach their LCL within the inversion layer. By extension, fairweather cumuli represent an observable tracer of the inversion layer and PBL height. At their time of occurrence their bases correspond to the top of the PBL [Wilde et al., 1985] . Moister surfaces characterized by higher EF generally induce earlier shallow cumulus development (and larger relative humidity at the PBL top) [Golaz et al., 2001; Ek and Holtslag, 2004] . This earlier cloud development is accompanied by a lower PBL through the reduced surface buoyancy flux [Golaz et al., 2001] , and hence a lower cloud base. In the next section, we detail how the cloud occurrence time and cloud base may be exploited to retrieve EF.
b. Mixed-layer model and conditions of EF retrieval
The dependence of low-level cloud occurrence on the surface EF is first investigated using a zeroth-order mixed-layer (so called slab) model of the boundary layer under convective conditions with negligible advection [Lilly, 1968; Betts, 1973; Deardorff, 1979] . This simple model allows for the determination of conditions favorable to the development of shallow cumulus as well as the dependency relation between cloud occurrence and LCL on surface and Accepted Article estimator of EF. The simple model is able to provide the generality that typical complex models cannot.
Following from several observational studies [Ek and Mahrt, 1994; Chang and Ek, 1996; Ek and Holtslag, 2004] 
where .
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Here, is the free-tropospheric potential temperature profile extended up to the surface, is the free-tropospheric potential temperature lapse rate and β is the entrainment efficiency.
Both β and are assumed constant over the day. We use β=0.2 because it has been shown in literature [e.g., Lilly, 1968; Betts, 1973; Deardorff, 1979] to be a reasonable approximation in the convective boundary layer. Under conditions of strong shear, β increases and this relationship could be included in the model [Pino2003] . In this study, we focus on the buoyancy-driven convective boundary layer.
Similarly, P09 showed that the mixed layer specific humidity ( ) could be approximated as a linear function of the mixed layer height if the surface EF is assumed constant (assuming again a linear free-tropospheric profile for specific humidity
where is the free-tropospheric specific humidity profile extended up to the surface and
and whereC p is the specific heat of dry air, is the latent heat of vaporization of water. The constantEF assumption is supported by several observational studies [e.g., Crago, 1996; Crago and Brutsaert, 1996; Lhomme and Elguero, 1999; Gentine et al., 2007; 2011] , at least for daytime fair-sky conditions. The potential temperature lapse rate ( ) is always positive (warming) whereas the humidity lapse rate ( ) can be either positive (moistening) or negative (drying).
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The relative humidity (RH) tendency at the top of the mixed layer is found using the diagnostic equation of Ek and Holtslag [2004] (referred to as EH04 hereafter):
where:
,
. (8) R v and R d are the gas constants for water vapor and dry air, respectively, ρ is air density, R n is surface net radiation, G is soil heat flux, g is gravity, is absolute temperature, is saturation specific humidity at a level just below z i , ∆q is the specific humidity jump above z i , is the air pressure at the mixed layer top, is the surface pressure, ne is the nonevaporative term contributing to the relative humidity tendency, and c 1 and c 2 are coefficients depending on the state of the boundary layer.
Applying Eqn. (3), ∆qcan be written: ,
which can be further simplified from (4) as:
Substituting the above expression for ∆q in Eqn. (5) yields:
. (11) We use this equation to investigate the role of EF and free-tropospheric conditions in the development of fair-weather diurnal boundary layer clouds. However, because the RH tendency is related to the diurnal course of available energy at the land surface (A = R n -G) in (11), the precise mechanisms of cloud occurrence may not emerge.
P09 showed that under fair-weather conditions (prior to cloud occurrence) the diurnal cycle of A can be approximated by a parabolic:
whereA 0 the maximum diurnal available energy at the surface, t is in units of hours from sunrise and t 0 is solar noon. This simple parabolic function leads to a clean analytical solution for the boundary layer height by P09, which in our notation reads as:
. (13) Note that in Eq. (37) of P09 the available energy term is erroneously missing. Eqn. (13) further simplifies the computation of the RH at the mixed layer top. The RH tendency at the PBL top depends on the properties of the boundary layer as highlighted in (11). The state variables themselves (i.e., potential temperature, specific humidity, height) depend on the PBL height
[see equations (1), (10)], which is itself dependent on EF and on the time of day [ (13)]. EF therefore constrains the RH at the top of the PBL as a function of time. Consequently, the integration in time of the RH tendency and its value at 100% provides a means to quantify the timing of cloud occurrence as a function of the surface flux partitioning (EF) and freetropospheric conditions ( , , , ).
For the purposes of visualization, we apply: (1) the notion that the surface layer RH is often constant when integrated over the course of a day [Salvucci and Gentine 2013] , and (2) the assumption of a constant lower free-tropospheric relative humidity (hereafter denoted by ).
Then cloud occurrence may be plotted as a function of EF, the free-tropospheric potential temperature conditions ( , ), and the lower free-tropospheric relative humidity . Here we will use A 0 = 500 W m -2
. In our analyses (not shown), the sensitivity of EF to A 0 was found to be weak.
c. Dependence of cloud base and cloud occurrence on EF
Cloud occurrence and cloud base height are computed as a function of EF, the lower free-tropospheric relative humidity ( ) and the free-tropospheric potential temperature conditions ( , ), assuming a linear free-tropospheric profile, . 
d. EF retrieval under varying environmental conditions
The accuracy of the EF retrieval using remote sensing products can be evaluated in the context of this simplified mixed-layer model, which models cloud occurrence and cloud base as a function of EF:
.
In any data assimilation scheme we need to consider both model and measurement errors. In this section, we estimate the retrieval errors assuming a total error in the measurement and 
Case studies a. Southern Great Plains, U.S. on 21 June 1997
We use the Southern Great Plains (SGP) Atmospheric Radiation Measurement (ARM) observation dataset for 21 June 1997 [Brown et al., 2002] to investigate how the theoretical dependence of shallow cumulus to EF, discussed in the previous section manifests in reality. Golaz et al. [2001] also investigated the dependence to EF for the same case study using a large-eddy simulation and showed strong sensitivity of cloud base and cloud occurrence timing to EF. Figure 5 illustrates the initial atmospheric profiles and imposed surface sensible (H) and latent heat fluxes (λE), as well as their sum (A). The surface heat fluxes are provided at a thirtyminute time step.
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A first-order jump model of the convective boundary layer (i.e., a model having a finite inversion layer thickness) is used following the formulation of vanZanten et al. [1999] based on Deardorff [1979] . The model is depicted in Figure 6 . In the control run the model is integrated with prescribed initial sounding and with the observed surface heat fluxes. The model (and first-order models, in-general) is able to accurately reproduce the diurnal course of the convective boundary layer (height, mixed-layer potential temperature and humidity) [vanZanten et al., 1999] despite the fact it is simple and reliant upon a single parameter-the entrainment efficiency at the mixed-layer top β. The model can accurately predict the timing of cloud occurence, which corresponds to the time when the top of the boundary layer (h) (i.e. the top of the inversion) crosses the LCL as seen in Figure 7 . In this case study, the mixed-layer state and height are reproduced with less than 4% error (not shown).
In a second set of simulations, EF is assumed constant during daytime and is varied Two sensitivity experiments are carried out to assess the impact of the vertical stability and humidity on the retrieval. In the first, an increase in the potential temperature gradient of 1K km -1 was imposed. In the second, the initial specific humidity profile was increased by 1g kg -1 . The modified profiles are illustrated in Figures 5b and c. A greater moisture lapse rate in the free troposphere increases the specific humidity of the mixed layer as evident in equations (3) and (4). Figure 8 shows that with increased stability the LCL estimates are more sensitive to the exact value of EF. This matches result from the zero-th order model (Figures 1 and 2 ).
Warm air entrainment into the mixed layer drastically impacts the saturation specific humidity through the Clausius-Clapeyron relationship. The LCL is thus more controlled by EF with increased stability. In other words, with increased stability the estimation of EF becomes more accurate. Conversely, an increase in the initial profile humidity does not substantially impact the retrievability of EF. The entrained air is moister, but the boundary layer height is only marginally affected because buoyancy is largely driven by the temperature gradient. As a consequence, at high values of EF (EF>0.6), the LCLis lowered due to the concentration of moist air in the shallow boundary layer [EH04; as also seen in Figure 2 ]. Overall the results from this case support the model's applicability for humid conditions (EF>0.6) or under strong free-tropospheric stratifications.
b. Niamey, Niger on 24 June 2006
For our second case study, we use data from the African Monsoon Multidisciplinary Analysis [AMMA; Redelsperger et al. 2006 ] measurement campaign in the semiarid Sahel. We focus on
June 24 2006, a day with shallow cumulus development. The early morning radiosonde profiles were obtained from the AMMA site of Niamey international Airport (13.477°N, 2.175°E, 225m above sea level). We use surface turbulent heat flux measurements from an eddy-covariance system located at the ARM mobile facility setup just outside Niamey airport.
The reader is referred to Westra et al. [2012] for more details on the dataset. We ran the first-order PBL model for different daytime EF values ranging from 0.1 to 0.8 in increments of 0.1, using the smoothed profile described in Figure 9 (dashed line). The results are depicted in Figure 10 . As could be expected (Figure 1) The timing of cloud occurrence can easily be diagnosed as the crossover time of the 100% relative humidity level of the boundary layer top (i.e. height h of the bulk model) and is depicted in Figure 11 as a function of EF with 0.025 increments in EF. The time of cloud occurrence increase with EF under this weak stratification case points to a dry case soil advantage for cumulus occurrence [Westra et al. 2012 , Gentine et al. 2013 
c. Cabauw, the Netherlands on 31 May 1978
To illustrate the onset of boundary-layer clouds in more humid and colder conditions, athird contrasting dataset is used for Cabauw, the Netherlands. The data were observed on the morning of May 31, 1978. The reader is referred to Holtslag et al. [1995] and EH04 for details on the observations. The profiles at 6AM are shown in Figure 12 . Sensible and latent heat
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fluxes were determined from Bowen ratio methods at the Cabauw site. The daytime EF was 0.77 and the diurnal minimum was 0.72 based on the surface Bowen ration measurements. The 2m air temperature reached 26°C at 1600UTC and the 2m specific humidity was fairly constant between 7 to 8g/kg during the course of the day. A fair-weather cumulus cloud layer developed between 1430 and 1500UTC, as evidenced by the diurnal course of net radiation in Figure 12 and further described in EH04. The free-tropospheric potential temperature lapse rate was 3.7 K/km and the specific humidity lapse rate was -1.6 g/kg/km.
Our bulk model is initialized with the 6AM sounding (similarly to EH04) and is run with a 30-minute resolution forcing. As in the AMMA case, the EF is varied with 0.025 increments in order to diagnose the timing of cloud occurrence, which is depicted in Figure 13 .
With a 30-min resolution output the diagnosed EF corresponding to the shallow cumulus occurrence timing (1430 to 1500UTC) would be in the range 0.625 to 0.75, which is close to the observed mean and minimum daily data, 0.77 and 0.72 respectively. Higher observing and model output resolution would refine the EF retrieval. This further confirms the model representativeness for relatively cold and humid summer conditions.
Conclusions
We have demonstrated that under many climatic conditions, observations of fair-weather shallow cumuli permit a relatively accurate estimation of the evaporative fraction, -a feature that remains a major stumbling block for land surface modeling and meteorological forecasting. In unstable turbulent conditions, observations of the timing of cloud occurrence and cloud base height provide fundamental and very useful information about the surface turbulent heat flux partitioning.
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The advantages of a cloud field-based approach are that it applies to scales directly relevant to weather or climate studies through horizontal aggregation by the boundary layer blending and it can rely on very limited assumptions about the surface and boundary layer state, because on principles of heat and moisture conservation within the boundary layer.
Importantly, the methodology provides an estimate of the surface energy balance partitioning under partly cloudy cases.
The retrieval methodology is tested on representative case days from three diverse climate regimes over the ARM SGP, AMMA and Cabauw sites. In all cases the retrieved evaporative fraction compares favorably against observations, suggesting the potential for general applicability of the method.
Based on our findings, we suggest that assimilating cloud cover and cloud base height (LCL) information into a coupled land-boundary layer scheme could improve the retrieval of the surface heat flux partitioning, especially in humid environments, with relatively stable/stratified conditions above the boundary layer. An immediate application of this method is towards improved representation of the boundary layer heat budget in atmospheric reanalysis products [Steeneveld et al, 2011] . Currently, satellite-based cloud observations are available to facilitate these EF retrievals-in many cases since 1979. Planned observing systems, such as the GOES-R Series (http://www.goes-r.gov) scheduled for launch in 2015, will serve to further enhance the potential skill of EF retrievals over land from clouds through improved measurement accuracy and spatio-temporal resolution. Global maps of land-atmosphere interaction strength [e.g., Ferguson et al., 2012; Dirmeyer et al., 2012] provide an approximate spatial extent of the area where cloud field-based EF estimates stand to provide the greatest additional information. This work will be explored in a forthcoming publication.
